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A doubling of the photocurrent due to light trapping is demonstrated by the combination of silver
nanoparticles with a highly reflective back scatterer fabricated by Snow Globe Coating on the rear of a
2lm polycrystalline silicon thin film solar cell. The binder free high refractive index titania particles
can overcome light losses due to transmission. Modelling indicates that adding plasmonic nanoparticles
to the back scatterer widens the angular distribution of scattered light such that over 80% of long
wavelength light is scattered outside the Si/air loss cone and trapped in the cell, compared to 30% for
the titania alone.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729290]
To reduce the use of fossil fuels and to fulfill the
increasing energy demand for the fast growing population of
our planet, renewable energies need to be more efficient and
cheaper. A way of reducing the silicon solar cell cost for
today’s technology is by using thinner layers and therefore
less of the silicon material that accounts for about 50% of
the photovoltaic module cost. However, due to weak absorp-
tion of infrared light in crystalline Si (c-Si), a significant
fraction of solar energy is not converted into electricity in
thin-film devices. Proper light management can potentially
lead to ultra-efficient thin solar cells.1 One method of achiev-
ing absorption enhancement in thin-film solar cells is
through the excitation of localized surface plasmons in metal
nanoparticles. These can be used as subwavelength scatter-
ing elements to couple a large fraction of incident light into
trapped modes within a nearby semiconductor layer.2–10
The surface plasmon resonance (SPR) of metallic nano-
particles depends on the size, shape, and local dielectric
environment of the particles. Recently, it has been shown
that locating the nanoparticles on the rear of a solar cell is
particularly effective in coupling long wavelength light into
the cell.11 In this configuration, the optimum in-coupling of
light occurs when the resonance wavelength is in the vicinity
of the band edge and the overlap of the near field of the reso-
nance with the semiconductor is maximum.12,13 This is
achieved with hemispherical particles with heights of 50 nm
or less and diameters in range of 100–160 nm that are located
as close to the semiconductor as possible (with no or ultra-
thin spacer layers).13 It has been previously shown that the
photocurrent enhancements achievable with plasmonic par-
ticles can be significantly increased by including a back
reflector as this prevents scattered light being coupled out of
the cell by the particles and lost. Ouyang et al. report a pho-
tocurrent enhancement of 29% when placing Ag particles on
the rear of a 2lm thick poly-Si thin film solar cell, increas-
ing to 44% when combined with a detached diffuse back
reflector.14,15 For thinner glass superstrates, the enhancement
could be further increased to 50%.16
High refractive index material coatings formed by coag-
ulation of particles in solution have been reported to increase
the photocurrent in a solar cell.17 Snow Globe Coating is a
method of forming highly effective diffuse back reflectors
that is compatible with solar cell fabrication. To date, we
have demonstrated short circuit current (JSC) enhancements
of 35% for 2lm thick poly-Si thin film solar cells.18 This
simple and efficient process forms a binder-free coating of
dielectric particles (rutile TiO2, diameter: 1 lm) that pro-
vides very high reflection due to low absorption losses and
high index contrast between the particles and the surround-
ing air.
In the present work, we combine Snow Globe Coating
with plasmonic silver nanoparticles to achieve a JSC
enhancement of 100%, which is 73% of the value expected
from an ideal Lambertian reflector. The structure combines a
Snow Globe Coating layer, which provides very high reflec-
tance but a relatively narrow angular scattering range (Figure
1(a)), with a plasmonic particle layer, which provides scat-
tering into a broad angular range but which alone also leads
to transmission losses (Figure 1(b)). The plasmonic particles
ensure that over 80% of the scattered light near the band
edge of silicon is directed outside the escape cone and hence
trapped within the cell, while the Snow Globe Coating
ensures that all light passes through the cell at least twice
(Figure 1(c)).
Two micron thick poly-Si thin-film solar cells were
formed on a glass substrate by electron beam evaporation
followed by solid-phase crystallization. The cells consist of
an emitter layer, an absorber layer, a back surface field and a
silicon nitride antireflective coating on 3.3mm thick borosili-
cate glass from Schott. The details of the design parameters
and fabrication procedure are described elsewhere.19,20
The combined plasmonic–dielectric scattering layer was
formed directly on the rear silicon surface of the cells by first
fabricating the silver particle layer and then applying the
Snow Globe Coating. To form the plasmonic particles, a
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20 nm layer of silver was thermally evaporated (p¼ 7106
mbar) onto the rear of a metallised pc-Si solar cell. Heating
the silver films at 230 C under nitrogen flow (120 L/h) for
50min leads to the formation of particles directly on the so-
lar cell surface, with a diameter of 100–200 nm as shown in
the micrographs in Figure 1(d). The Snow Globe Coating
was formed by placing the silver particle-coated pc-Si solar
cell (silicon side up) into a 2000mL beaker and pouring on a
dispersion of titania particles (5 g dispersed by ultrasonica-
tion for 15min in 1000mL water). The particles of about
1lm size settle by gravity. After 2 h, the cell is drawn out
and dried. The titania particles used in this work were found
to form a stable dispersion in water at pH 6–7.18,21,22 The
morphology of the titania particles forming Snow Globe
Coating is shown in Figure 1(e). The coating process is
based on self-assembly by settling particles dispersed in a
liquid. Hence, the metal particles do not change the morphol-
ogy of the titania layer.
To quantify the light trapping provided by the combined
plasmonic and dielectric scattering layer, the photocurrent of
the cells was measured with and without the scattering layer
present. The spectral response of the solar cells was deter-
mined using a Xe lamp source, chopped at a frequency of 70
Hz, and filtered by a monochromator over a bandwith of
300–1400 nm. The photocurrent at each wavelength, with a
bandwidth of 5 nm, was passed through a SR570 preampli-
fier, and displayed as a voltage across a SR830 DSP lock-in
amplifier. The external quantum efficiency (EQE) was then
calculated from the known illumination intensity as the frac-
tion of incident photons that are converted to electrical cur-
rent. During the measurement, the beam is split so that half
falls on the test cell and half on an internal reference cell
with a known spectral response. Prior to the measurement,
the instrument was calibrated. To avoid variation in the mea-
surement due to the non-uniformity of the semiconductor
material, the measurements were performed on the same
spot of the solar cell. Cells with combined plasmonic and
dielectric scattering layers were mounted on the instrument
and measured with light incident from the glass side. The
Snow Globe Coating and silver particles were then removed
physically by wiping with a wet cotton swab without moving
or damaging the cell. The same spot was remeasured without
the coating, for reference. For comparison, a similar proce-
dure was followed using a sample with silver nanoparticles
coated with commercial paint (“White Out” also known as
“liquid paper” or “Tipp-ex”). For this sample, an additional
measurement was taken for the cell coated in paint only,
obtained by painting the same spot on the cell after the paint
and silver particles were removed.
The red solid line in Figure 2(a) shows the EQE for the
cell with Snow Globe Coating and silver particles (SG MNP),
in comparison with the black solid line which shows the EQE
for the reference cell (Plain). The EQE obtained for the silver
particles coated by paint is shown in the green solid line of
Figure 2(b) (Paint MNP), together with the paint only case
shown in blue (Paint) and the black solid line of the plain cell
for reference (Plain). It is clear from Figure 2(a) that the com-
bined Snow Globe Coating and silver particles rear reflector
substantially increases the photocurrent of the cell over a very
large wavelength region, from 500 to 1100 nm. For compari-
son, the paint only case provides much smaller enhancements
over this bandwidth, although this is increased by the inclu-
sion of the silver nanoparticle layer.
FIG. 1. Light trapping structures in solar cells using scattering by (a) Snow
Globe Coating, (b) metallic nanoparticles (MNP) and (c) a combination of
metal nanoparticles and a titantia coating, e.g., Snow Globe Coating. (d)
Scanning electron micrographs of the silver particles (the scale bar is
100 nm) and (e) titania particles used in this study. The scale bar is 1 lm.
FIG. 2. (a) Experimental EQE data (solid lines) for the plain cell (Plain,
black) and a cell with Snow Globe Coating and metal nanoparticles (SG
MNP, red). The red dashed line shows the corresponding modeled EQE. The
black dashed line shows the modeled EQE with a Lambertian rear reflector.
(b) Experimental EQE data (solid lines) for the plain cell (Plain, black) and
a cell with paint only (Paint, blue) and paint and metal nanoparticles (Paint
MNP, green). The green and blue dashed lines show the corresponding mod-
eled EQEs. The black dashed line shows the modeled EQE with a Lamber-
tian rear reflector. The inset of (a) shows the angular distributions used in
the modeling to fit the data.
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In order to quantify the light trapping provided by the
different rear coatings, we calculate the enhancement in the
short circuit current (DJSC) relative to the planar reference
case (Plain in Figure 2). The JSC was calculated by
JSC ¼ q
Ð
EQEðkÞSðkÞdk;
where q is the electron charge, S is the standard spectral pho-
ton density of sunlight at the earth’s surface (Air Mass 1.5).
The combined Snow Globe Coating and silver particles
reflector (SG MNP in Figure 2(a)) increases the JSC by 100%
over the spectrum measured. For comparison, the paint only
case (Paint in Figure 2(b)) provides a DJSC of 22%, increas-
ing to 66% with the inclusion of a silver nanoparticle layer
(Paint MNP in Figure 2(b)). The results of the JSC calcula-
tions are given in full in Table I. As noted in the introduc-
tion, for the same type of solar cells, previous work with
metal nanoparticles only has given an enhancement of 29%
(increasing to 44% with the addition of a back reflector),14
while previous work with Snow Globe Coating only has
given an enhancement of 35%.18
A simple optical model was used to characterize the
enhanced light trapping effect by combining plasmonic scat-
terers with Snow Globe Coating or paint. The transfer matrix
method is employed to calculate the transmission and reflec-
tion at each interface of a multilayered structure. To model
rear located diffuse scatterers, the method of Go¨tzberger was
used,15,16 with reflectance and the angular distribution of
scattered light as input.13,23,24 Light incident at the rear inter-
face of the Si active layer, given by the reflectance, is scat-
tered in a given angular distribution. Light propagating
inside the loss cone is lost at the front surface while light
propagating outside the loss cone is totally internally
reflected and re-scattered at the back surface. The Go¨tz-
berger formalism keeps track of the absorption due to the
increase in the path length of the scattered light inside the
absorbing layer. The scattering distribution of the diffuse
rear reflectors was modelled using a “narrowed Lambertian”
approach by applying the method of Cotter.25 This method
takes into account the refraction of the scattered light origi-
nating in a medium with effective refractive index neff, as it
enters the Si layer with nSi. The angular distribution is then
given by: Ih¼ cos[asin((nSi/neff) sinh)]. This allows the angu-
lar distribution to be modified in the model in a controlled
way. The fraction of the scattered light that is trapped inside
the silicon layer, FLT, is then calculated by integrating over
angles outside the Si/Air loss cone and normalizing to the
total scattered light.
For the paint and the Snow Globe Coating, neff has a
physical meaning, and the resulting angular distribution is
due to refraction of the scattered light at the Si interface. For
the Snow Globe Coating and paint only scattering surfaces,
the neff approach is a good approximation to the physical pic-
ture as the scattering layer is roughly Lambertian and the
narrowing of the angular distribution is due to refraction at
the Si interface.25 Here the neff can be approximated as the
effective refractive index of the scattering medium. For the
Snow Globe Coating and paint, neff also serves as a number
that can characterize how effective the scattering is, com-
pared to a Lambertian distribution (which has neff¼ nSi).
For the cases with the metal nanoparticles, neff does not
have the physical meaning of an effective index of the metal
nanoparticle layer, but it is still a number that can be used to
characterize the scattering. The metal nanoparticles are
directly fabricated on the Si surface and have been shown to
have a relatively wide angular distribution in the Si.13 Here
neff is increased to widen the angular distribution in the
model in a controlled way, to gain insight into the effect of
the inclusion of the nanoparticles in the scattering layer.
The cells are modeled as a layered stack consisting of a
2 lm thick pc-Si layer coated with a 100 nm silicon nitride
film on a semi-infinite glass superstrate. As in the experimen-
tal case, the light was incident from the glass superstrate.
The n, k values for c-Si were taken from data from Keevers
and Green,26 with k corrected for the higher absorption in
pc-Si between 400 and 700 nm with data from He and
Sproul.27 The n value of the silicon nitride was taken as 2.0,
which agrees well with experimentally determined values.
The finite thickness of the glass was taken into account by
assuming that light that is within the escape cone for Si/glass
but outside the escape cone for Si/air is returned to the sili-
con. Using this approach, the absorption in the silicon could
be calculated for different angular distributions (by varying
neff) and reflectance of the scattering layer.
A wavelength dependent “modeled internal quantum ef-
ficiency (IQE)” was defined by dividing the experimental
EQE spectra for the reference (Plain) cell by the calculated
absorption of the same cell (smoothed to extract the interfer-
ence fringes). As the EQE spectra for reference cells given
in Figs. 2(a) and 2(b) are different, separate modeled IQE are
calculated for each. The calculated absorption in a poly-Si
cell with the different diffuse reflectors was multiplied by
this modeled IQE to obtain a modeled EQE that could be
directly compared to the experimental data. The angular dis-
tribution (by varying neff) and the reflectance, R, used in the
model were chosen empirically by fitting the modeled data
to the experimental EQE by eye. In this way, we study the
differences between the light trapping efficiencies of the
Snow Globe Coating and the paint with and without Ag
nanoparticles present, in terms of the scattering angular dis-
tribution and the reflectance of the layer.
The dashed red line in Figure 2(a) shows the modeled
EQE spectra, compared to the experimentally measured data
(solid red line) for the combined Snow Globe Coating and
metal nanoparticles. Figure 2(b) shows the corresponding
results for the paint coating, with and without metal nanopar-
ticles. The modeled EQE spectra agree well with the experi-
mental data in all cases. The resulting JSC enhancements
TABLE I. Enhancements of short circuit currents (DJSC) in combined plas-
monic (MNP) and dielectric scattering obtained by Snow Globe Coating
(SG) and paint, noting that the JSC values have been rounded to one decimal
place.
JSC (mA/cm
2) DJSC
Plain cell 4.0 -
SGþMNP 8.0 100%
Plain cell 5.7 -
Painted cell 7.2 28%
PaintþMNP 9.4 66%
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(DJSC) are summarized in Table II. It can be seen that the
model also gives very good agreement with the experimental
JSC enhancements.
Table II lists the inputs, neff and R, used to obtain the
modeled results, and the inset in Figure 2(a) shows the angu-
lar distribution of the light scattered by coatings with differ-
ent values of neff. The case of paint only has a relatively
narrow angular distribution corresponding to 30% of the
scattered light being trapped at long wavelengths, given by
neff¼ 1.4, and a reflectance, R, of 85%, in agreement with
previous results.18 It has been previously found that Snow
Globe Coating also leads to relatively narrow angular distri-
bution (value of neff¼ 1.4), but with a much higher reflec-
tance of approximately 100%.18 We can see from Table II
that combining the Snow Globe Coating with metal nanopar-
ticles maintains the very high reflectance of the Snow Globe
Coating, but substantially widens the scattering distribution,
increasing the neff to 2.6. This increases the fraction of the
scattered light that is trapped at long wavelengths to 80%.
For the case of paint, including metal nanoparticles also sub-
stantially widens the angular distribution such that 83% of
the scattered is light trapped for k> 1000 nm, (increasing
neff to 2.8). However, in this case, the reflectance is also
somewhat increased, from 85% to 90%.
From these results, we can conclude that the main effect
of the metal particles when a back reflector is present is to
broaden the angular distribution of the scattered light, i.e.,
increase neff. This results in a much larger fraction of the
light being scattered outside the escape cone of the silicon
and hence eventually being absorbed and contributing to the
photocurrent. Where the reflectance is relatively low, as in
the case of paint, the metal particles can also act to increase
the reflectance. This is because silver particles with the
dimensions used here have an albedo (i.e., ratio of scattering
to extinction) of close to 100%.3 Thus, if light interacts with
the particles rather than the paint, it is more likely to be scat-
tered rather than lost, i.e., the metal nanoparticles can reduce
the fraction of light absorbed in the paint.
Also shown in Figures 2(a) and 2(b) are the EQE spectra
that would be expected from the cells with an ideal Lamber-
tian back reflector (R¼ 100%, neff¼ nSi). As the cells shown
in Figs. 2(a) and 2(b) have different reference spectra and
hence different modeled IQEs, the enhancements due to light
trapping cannot be directly compared. For this reason, we
compare the enhancements as fractions of the ideal Lamber-
tian case. The JSC enhancement achieved with the Snow
Globe Coating combined with plasmonic particles is 100%.
Using the modeled IQE for this cell, the enhancement
achievable with a Lambertian reflector (R¼ 100%, neff¼ nSi)
would be 138%, i.e., the experimental enhancement is 73%
of that expected from a Lambertian reflector. In Ref. 18, we
report that Snow Globe Coating alone (without MNPs)
increases the Jsc by around 38% of the Lambertian case. For
the combination of paint and plasmonic particles, the
enhancement is 51% of the Lambertian value, while for paint
only the enhancement is 22%. The details of these results are
given in Table II. The higher enhancement for the plasmonic
particles combined with Snow Globe Coating, compared to
the particles combined with paint, is due to the higher reflec-
tance of the Snow Globe Coating.
We can also compare these results with modeled results
using inputs derived from a single disk shaped silver nano-
particle obtained from finite-difference time-domain (FDTD)
modeling. It has been previously estimated using FDTD that
a silver disk directly on a silicon surface leads to a scattering
efficiency (albedo) of 90%.13 The angular scattering distribu-
tion associated with this particle was also calculated. Using
these parameters as inputs to the present model, and using
the modeled IQE, we calculate that a photocurrent enhance-
ment of 105% would be expected (Table II).
For the Snow Globe Coating, the model does underesti-
mate the enhancement in the EQE at wavelengths between
500 and 700 nm. The underestimation in the model remains
even when an ideal Lambertian type reflector is used, sug-
gesting that it is not due to an optical effect. This effect has
been seen previously with titania back reflectors.18 This
anomalously high EQE enhancement at short wavelengths
could be due to an increase in the IQE of the cell, due to a
redistribution of generated charge carriers to regions of the
cell where they have a higher probability of collection.
There are a few key factors, for both the silver particles
and the Snow Globe Coating, that lead to the high photocur-
rent enhancement observed here. For the silver particles, the
main factors are their size and location.12 The size of the sil-
ver nanoparticles is in the range of 100–200 nm, which leads
to high scattering efficiency and low parasitic absorption.
The particles are located directly on the silicon and have a
high contact area with the interface (roughly hemispherical
or disk shaped rather than spherical), leading to effective
coupling into the silicon. Because the particles are directly
on the silicon, the surface plasmon resonance is also red-
shifted into the region of the spectrum where silicon absorbs
weakly, making light trapping more effective. In addition,
the scattering cross-section is enhanced for particles directly
on silicon.28
TABLE II. Integrated JSC enhancements (DJSC) for measured and modeled
cells (between 350 and 1200 nm). Also shown are the inputs neff, R used to
calculate the modelled data in each case. The fraction of light scattered out-
side the loss cone and trapped, FLT, is shown for each neff. The DJSC for the
different coatings are given as the fraction of the enhancement calculated for
an ideal Lambertian reflector.
Coating neff FLT (%) R DJSC MODEL DJSC EXP
SGþMNP 2.6 80 100 89 100
Lambertian nSi 92 100 138 –
% of Lambertian Enh: SG1MNP 65 73
Paint 1.4 33 85 29 28
PaintþMNP 2.8 83 90 60 66
Lambertian nSi 92 100 130 –
% of Lambertian Enh: Paint 22 22
% of Lambertian Enh: Paint1MNP 46 51
Ideal MNPa – 91 – 105 –
Lambertian nSi 92 100 138 –
% of Lambertian Enh: ideal MNP 76 –
aSingle disk shaped MNP on the rear of a Glass|SiN|Si|Air substrate. The
angular distrubution is given by the modelled scattering distrubution for a
single particle on an infinite Si substrate and R is given by the calculated
scattering efficiency of an ideal particle (gscat), as described in Ref. 13. This
assumes that Fsubs¼ 1 and that parasitic absorption is the only loss
mechanism.
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For the Snow Globe Coating titania layer, there are also
several important parameters. The titania particles have a
high refractive index and are similar in size to the wave-
length of light, so they scatter light strongly. The coating
does not contain a binder, which increases scattering further
due to a higher refractive index contrast between the titania
particles and the surrounding air. In addition, the layer is suf-
ficiently thick that there is no transmission through the layer.
In order to achieve low losses and effective scattering of the
light, all of these factors associated with the metal particles
and the titania layer must be considered.
We have demonstrated 100% increase in photocurrent
of thin film silicon solar cells using a back reflector structure
that combines plasmonic particles to scatter light at high
angles, and a titania coating to ensure that no light escapes
out the rear of the cell. For the titania coating, the colloidal
deposition technique Snow Globe Coating gives higher
enhancements than paint when combined with silver par-
ticles because of its very high reflectance. The approach pre-
sented here demonstrates how the advantages of plasmonic
and dielectric structures can be used selectively to maximise
the performance of a device.
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